Introduction
Systemic mastocytosis (SM) is a myeloid neoplasm characterized by increased survival and accumulation of neoplastic mast cells (MCs) in one or more internal organs. [1] [2] [3] [4] [5] [6] Indolent and aggressive variants of SM have been described. [1] [2] [3] [4] [5] [6] [7] [8] [9] Patients with indolent SM (ISM) may suffer from mediator-related symptoms and/or cosmetic problems, but otherwise have a normal or near-normal life expectancy. [1] [2] [3] [4] [5] [6] [7] [8] [9] By contrast, patients with aggressive SM (ASM) or MC leukemia (MCL) have a grave prognosis with short survival. [1] [2] [3] [4] [5] [6] [7] [8] [9] In these patients, the response to conventional cytoreductive drugs is poor. Therefore, these patients are candidates for experimental therapy. Indeed, several attempts have been made to identify novel therapeutic targets in neoplastic MCs. [1] [2] [3] 5, [10] [11] [12] In a majority of all patients with SM including ISM, ASM, or MCL, KIT D816V is detectable. [13] [14] [15] [16] This mutation is associated with ligand-independent activation of KIT, and is considered to contribute to growth of MCs in SM. 17 Therefore, attempts have been made to identify drugs interfering with the tyrosine kinase (TK) activity of KIT D816V. 5, [10] [11] [12] [18] [19] [20] [21] [22] [23] [24] These drugs include midostaurin (PKC412), nilotinib, and dasatinib. [18] [19] [20] [21] [22] [23] [24] However, despite impressive effects on cell lines, 19 these drugs, when applied as single agents, may not be sufficient to induce long-lasting complete responses in patients with ASM or MCL. 22 More recently, we have shown that combinations of various KIT TK-inhibitors (TKI) produce synergistic growth-inhibitory effects on neoplastic MCs. 19, 23, 24 However, in neoplastic MCs bearing KIT D816V, only the combination "dasatinib ϩ midostaurin" produced clear synergistic effects. 24 Several observations suggest that KIT D816V alone is not a fully transforming oncoprotein. First, as mentioned above, the mutant is not only detectable in ASM or MCL, but also in the majority of patients with ISM, where the disease course remains stable over years or even decades. [1] [2] [3] [4] [5] [6] [13] [14] [15] [16] 25 In addition, several cases of ASM or MCL present without KIT D816V, or the mutant even disappears during progression, sometimes after treatment with KIT-targeting drugs (clonal selection). 22 Moreover, although inducing differentiation and maturation, KIT D816V per se is unable to promote oncogenic proliferation when inducibly expressed in Ba/F3 cells. 25 Similarly, KIT D816V-transgenic mice usually develop slowly expanding, indolent accumulations of MCs in tissues, but rarely develop a malignant MC disease. 26 All these observations suggest that apart from KIT D816V, other gene defects and pro-oncogenic hits may be responsible for disease evolution and SM progression to ASM or MCL. Therefore, we screened for additional KIT-independent oncogenic events and signaling molecules in neoplastic MCs. In the present study, we have identified 2 KIT D816V-independent signaling molecules, The online version of this article contains a data supplement.
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Design and application of siRNA
siRNAs directed against Lyn, Btk, Hck, or luciferase (supplemental Table 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article) were synthesized in 2Ј-deprotected, duplexed, and desalted form by Dharmacon and transfected into HMC-1.2 using lipofectin (Invitrogen) as described. 29 In brief, cells were exposed to lipofectin (75nM) and siRNA (100-200nM) in serum-free IMDM at 37°C for 4 hours. Cells were then washed and resuspended in IMDM and 10% FCS, and incubated for another 12-44 hours. In select experiments, shRNA against JAK2 was expressed in HMC-1.2 cells by lentivirus-mediated gene transfer, following a published protocol. 30 For knockdown of JAK2, a pLKO.1 clone containing a shRNA targeting human JAK2 (5Ј-GCAGAATT-AGCAAACCTTATA-3Ј) was used (Open Biosystems). Recombinant VSV-G pseudotyped lentiviruses were produced as described. 30 HMC-1 cells were transduced in the presence of polybrene (7 g/mL) and selected with puromycin (2 g/mL, 48 hours). Knockdown of JAK2 was confirmed by immunoblotting using mAb D2E12 directed against JAK2 (supplemental Table 2 ).
Isolation of primary neoplastic cells
In 14 patients with SM, isolated MCs were examined (ISM, n ϭ 7; smouldering SM [SSM], n ϭ 1; ASM, n ϭ 4; MCL, n ϭ 2; Table 1 ). In 11 of 14 patients, KIT D816V was detectable. Neoplastic cells were isolated from BM aspirates as described. 19, 24 Control samples were obtained from patients with acute myeloid leukemia (AML, n ϭ 5), chronic myeloid leukemia (CML, n ϭ 5), chronic neutrophilic leukemia (CNL, n ϭ 1), and normal BM (n ϭ 3). Patients' characteristics are shown in supplemental Table 3 . The study was approved by the institutional review board (Medical University of Vienna, Vienna, Austria) and conducted in accordance with the Declaration of Helsinki. Informed consent was obtained in each case.
Western blot experiments
HMC-1 cells were incubated with dasatinib (0.01-1M), midostaurin (1M), bosutinib (0.01-5M), LMF-A13 (50-100M), or control medium at 37°C for 4-24 hours. In select experiments, HMC-1 cells were transfected with control siRNA (Luc) or siRNA directed against Btk, Lyn, or Hck. Ba/F3 cells inducibly expressing wt KIT (Ton.Kit.wt) or KIT D816V (Ton.Kit.D816V) were kept in control medium or in doxycycline (1 g/ mL) to induce KIT expression. In case of Ton.Kit.wt cells, KIT phosphorylation was induced by adding SCF (100 ng/mL). After incubation, cells were harvested and Western blotting was performed as described 23, 24 using Abs against total Lyn, p-Lyn Tyr507 , Btk, p-Btk Tyr223 , p-Src Tyr416 , STAT5, p-STAT5, Hck, p-Hck Tyr411 , Fyn, Fgr, KIT, JAK2, or ␤-actin (supplemental Table 2 ). Phosphorylation of Lyn, Hck, Fyn, Fgr, and KIT was confirmed by immunoprecipitation followed by immunoblotting with anti-phospho-Tyr Ab 4G10 (Upstate Biotechnology; work dilution 1:1000) as reported. 23, 24 
IHC and ICC
In 29 patients with SM (ISM, n ϭ 19; SSM, n ϭ 4; ASM, n ϭ 3; MCL, n ϭ 3), expression of Lyn, p-Lyn Tyr396 , p-Lyn Tyr507 , Btk, and p-Btk Tyr551 in MCs was examined on serial BM sections (paraffin-embedded, formalinfixed, 2 m) by IHC. The patients' characteristics are shown in Table 1 . In addition, control cases (AML, CML, CNL, control BM) were examined. Indirect immunoperoxidase staining was performed as reported [31] [32] [33] using Abs against tryptase (G3), p-Lyn Tyr507 , total Lyn, p-Btk Tyr551 , and total Btk (supplemental Table 2 ). Before staining, BM sections were pretreated by microwave oven. 3-amino-9-ethyl-carbazole was used as chromogen. Slides were counterstained in Mayer hemalaun. Immunocytochemistry (ICC) was performed using cytospin preparations of primary neoplastic MCs (n ϭ 3) and HMC-1 cells as described. 29 Abs against total Lyn, p-Lyn Tyr507 , p-LynTyr396, p-Src Tyr416 , Btk, p-Btk Tyr223 , and p-Btk Tyr551 (supplemental Table 2 ), as well as biotinylated anti-rabbit IgG (Biocare) were applied. As chromogen, streptavidin-alkaline-phosphatase complex (Biocare) was used. Ab reactivity was made visible using Neofuchsin (Nichirei). In select experiments, HMC-1 cells were incubated in control medium or dasatinib (1M) for 4, 12, or 24 hours before Ab staining. 
Measurement of 3 H-thymidine uptake
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Evaluation of apoptosis by microscopy and TUNEL assay
In typical experiments, cells were incubated with various concentrations of Lyn-siRNA, Btk-siRNA, Hck-siRNA, control siRNA, or control medium at 37°C for 16 to 48 hours. Apoptotic cells were quantified on Wright-Giemsastained cytospin preparations. To further confirm apoptosis in HMC-1 cells exposed to siRNA, a TUNEL assay was performed using the In situ cell death detection kit-fluorescein (Roche) according to the recommendation of the manufacturer. Cells were analyzed with a Nikon Eclipse E-800 fluorescence microscope.
Evaluation of apoptosis by flow cytometry
For flow cytometric determination of apoptosis and viability, annexin V/propidium iodide staining was performed as described. 19, 23, 24 In brief, HMC-1 cells were exposed to control medium or were transfected with control siRNA or siRNA against Lyn, Btk, or Hck. After 48 hours, cells were incubated with annexin V-FITC (Alexis Biochemicals) in binding buffer containing HEPES (10mM, pH 7.4), NaCl (140mM), and CaCl 2 (2.5mM). Thereafter, propidium iodide (1 g/mL) was added. Cells were then washed and analyzed by flow cytometry on a FACScan (BD Biosciences).
Drug affinity purification and MS
For drug-affinity binding and mass spectrometry (MS) experiments, HMC-1 cells and c-Dasatinib synthesized by WuXi PharmaTech, were used. Drug pulldown experiments were performed on total cell lysates from HMC-1 cells (both HMC-1.1 and HMC-1.2) according to a standard protocol. 34, 35 Tryptically digested proteins were analyzed by nanoLC tandem MS essentially as described. 34 The acquired data were searched against the human IPI database with the MASCOT search engine (MatrixScience). The identified proteins were validated and clustered into protein groups using EpiCenter (Proxeon).
Sequencing of Btk, Lyn, and Fc⑀R1 ␤-and ␥-chains in HMC-1 cells
The complete exons of Btk and Lyn and of the ␤-and ␥-chains of the Fc⑀R1 were PCR-amplified from genomic DNA of HMC-1.2 cells using primer sequences shown in supplemental Table 4 . PCR products were treated with ExoSAP-IT (USB Corporation) and sequenced on an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems) using the BigDye Terminator Version 3.1 cycle Sequencing Kit (Applied Biosystems). All sequences were examined for point mutations (polymorphisms) using the Vector NTI software (Invitrogen). Multiplex RT-PCR (mDx Hema Vision; Bio-Rad Laboratories) was applied to seek for leukemia-related defects in HMC-1 cells: t(X;11), t(4;11), t(6;11), t(11;19), t(10;11), t(1;11), t(11;17), t(9;11), t(1;19), t(17;19), t(12;21), TAL1, t(8;21), t(3;21), t(16;21), t(15;17)(bcr1ϩbcr3), t(5;17), t(6;9), t(9;9), inv(16), t(9;22), t(9;12), t(5;12), t(12;22), t(3;5). The presence of JAK2 V617F and FLT3 ITD mutations was excluded by direct sequencing, and FIP1L1/PDGFRA and BCR/ABL by PCR.
Statistical analysis
To determine the significance in differences in proliferation and in the percentage of apoptotic cells after exposure to control medium, inhibitors, or siRNA, the Student t test for dependent samples was applied. Differences in expression of Lyn and Btk in neoplastic MCs (by IHC) in ISM versus advanced SM (SSM/ASM/MCL) were anaylzed using the 2 test. P values were adjusted for multiple testing by Bonferroni-correction. Results were 
Expression of total Lyn, p-Lyn Tyr507 , p-Lyn Tyr396 , p-SrcTyr 416 , total Btk, p-Btk Tyr551 , and p-Btk Tyr223 in cell lines was assessed by ICC and Western blotting as described in "Western blot experiments" and "IHC and ICC." Score of reactivity in ICC stains: ϩ indicates positive; Ϯ, weak reactivity; and Ϫ, negative stain. Score for Western blot analysis: ϩ indicates positive;Ϯ, weak band; and Ϫ, negative.
ICC indicates immunocytochemistry; and nt, not tested. 
MC indicates mast cell; ISM, indolent SM; CLL, chronic lymphatic leukemia; SSM smoldering SM; ASM, aggressive SM; and MCL, mast cell leukemia.
IHC staining results for Lyn, p-Lyn Tyr507 , p-Lyn Tyr396 , Btk, and p-Btk Tyr551 were generated on serial sections stained with Abs directed against these signaling molecules and an Ab against tryptase. Score of reactivity in IHC stains: ϩ indicates positive; Ϯ, weak reactivity; Ϫ, negative stain; and nt, not tested.
considered statistically significant when P was Ͻ .05. Drug interactions (additive/synergistic/antagonistic) were determined by calculating combination index (CI) values using Calcusyn software as reported. 24 A CI value of 1 indicates an additive effect, whereas CI values Ͻ 1 indicates synergistic drug effects.
Results
Neoplastic MCs in advanced SM frequently express p-Lyn and p-Btk
As assessed by immunocytochemistry, HMC-1.1 cells lacking KIT D816V and HMC-1.2 harboring KIT D816V were found to express p-Lyn and p-Btk ( Figure 1A ). Expression of p-Lyn and p-Btk in HMC-1 cells was confirmed by Western blotting ( Figure 1B) . In other leukemic cell lines, p-Lyn was also expressed, whereas p-Btk was weakly expressed or not detectable ( Figure 1B , Table 2 ). We next examined p-Lyn and p-Btk expression in primary neoplastic MCs. As assessed by IHC, BM MCs in SM were found to express total Lyn and total Btk in most patients ( Figure 1C , supplemental Figure 1 ; Table 3 ). However, p-Lyn and p-Btk were only expressed in MCs in a subset of patients (Table 3) . Comparing subgroups of patients, we found that p-Btk is more frequently expressed in MCs in advanced SM (SSM, ASM, MCL; 80%) than in ISM (15.8%; P Ͻ .05; Tables 3-4). p-Lyn Tyr396 and p-Lyn Tyr507 were also found to be expressed more frequently in advanced SM than in ISM. This difference was found to be significant in case of p-Lyn Tyr396 , but not for p-Lyn Tyr507 (Tables 3-4) . Both p-Lyn (detected by mAb against p-Src Tyr416 and p-Lyn Tyr507 ) and p-Btk were also detected in BM MCs in advanced SM by Western blotting ( Figure 1D ). Interestingly, p-Lyn was also detectable in some samples obtained from patients with AML or CML, whereas no substantial amounts of p-Btk were found ( Figure 1E , Table 5 ) Normal BM cells expressed unphosphorylated Btk and Lyn, but did not express substantial amounts of p-Btk or p-Lyn ( Figure 1E , Table 5 ). These data suggest that in advanced SM, both Lyn and Btk are constitutively activated in neoplastic MCs. Other BM cells including megakaryocytes were also found to express Lyn and p-Lyn, but did not express p-Btk (Table 6 ).
Activated Lyn and Btk are expressed in neoplastic MCs independent of KIT
Midostaurin (PKC412) is a multikinase inhibitor that blocks the TK activity of wild-type KIT and KIT D816V. In this study, midostaurin (1M) was found to inhibit the phosphorylation of KIT D816V 
Expression of total Lyn, p-Lyn, total Btk, and p-Btk was assessed by Western blotting as described in "Western blot experiments." Score: ϩ indicates positive;Ϯ, weak band; and Ϫ, negative.
MNC indicates mononuclear cell; SM, systemic mastocytosis; ISM, indolent SM; SSM, smouldering SM; ASM, aggressive SM; MDS, myelodysplastic syndrome; CMML, chronic myelomonocytic leukemia; AML, acute myeloid leukemia; CML, chronic myeloid leukemia; MCL, mast cell leukemia; CNL, chronic neutrophilic leukemia; NBM, normal BM; and nt, not tested. (Figure 2A ). These data suggest that p-Lyn and p-Btk are expressed in HMC-1 cells independent of KIT. We next examined Ton-Kit.D816V cells, a Ba/F3 clone in which expression of KIT D816V can be induced by addition of doxycycline. After induction of KIT D816V by doxycycline, TonKit.D816V cells were found to express p-KIT and several KITdownstream signaling molecules including p-STAT5, but did not express p-Btk ( Figure 2B ). Ba/F3 cells stably expressing BCR/ABL-T315I (Ba/F3p210 T315I cells) were used as positive control and found to express p-STAT5, p-Lyn, and p-Btk ( Figure 2B ). Together, these data suggest that p-Lyn and p-Btk are expressed in neoplastic MCs independent of KIT D816V.
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Role of Lyn and Btk in growth and survival of neoplastic MCs
To define a functional role for Lyn and Btk in neoplastic MCs, we performed experiments using siRNAs. In addition, we applied siRNA against Hck. Transfection of HMC-1.2 cells with siRNA resulted in a knockdown of Lyn (by Lyn siRNA), Btk (by Btk siRNA), and Hck (by Hck siRNA) in these cells ( Figure  3A) . Interestingly, all 3 siRNAs produced growth inhibition and apoptosis in HMC-1.2 cells (Figure 3B-E) . Notably, the number of apoptotic cells was significantly higher in HMC-1.2 cells transfected with Lyn siRNA, Btk siRNA, or Hck siRNA compared with cells transfected with control siRNA ( Figure  3B ). The apoptosis-inducing effects of the siRNAs were confirmed by combined annexin V/propidium iodide staining ( Figure 3C ) and by TUNEL assay ( Figure 3D ). Furthermore, all 3 siRNAs (Lyn, Btk, Hck) were found to inhibit 3 H-thymidine uptake in HMC-1 cells ( Figure 3E) . We also applied the Btk inhibitor LFM-A13. At high concentrations (100-500M), this drug was found to down-regulate p-Btk expression and growth in HMC-1 cells (supplemental Figure 2) .
Lyn siRNA and Btk siRNA cooperate with midostaurin (PKC412) in inducing growth inhibition in neoplastic MCs
We next asked whether siRNAs against Lyn or Btk and midostaurin would produce cooperative antineoplastic effects. To address this question, we performed drug combination experiments, and found that transfection with 100nM siRNA against either Lyn or Btk, sensitize HMC-1 cells against growth-inhibitory and apoptosisinducing effects of midostaurin ( Figure 3F-G) . These data suggest that Lyn/Btk-targeting drugs may represent optimal drug partners for midostaurin, resulting in synergistic growth-inhibitory effects in neoplastic MCs bearing KIT D816V. We therefore were interested to identify drugs that would interact with and would block Lyn-and Btk activation in neoplastic MCs.
Identification of Lyn and Btk as major dasatinib binders and targets
Recent data suggest that dasatinib binds to and deactivates Lyn and Btk in CML cells. [33] [34] [35] In this study, we examined whether dasatinib binds to Lyn and Btk in neoplastic MCs. Using drug-affinity chromatography followed by MS, we were able to show that dasatinib binds to several target kinases including Btk and Lyn, in HMC-1.1 and HMC-1.2 cells (Table 7) . Western blotting confirmed that dasatinib binds to Btk in HMC-1 cell extracts ( Figure 4A ). In addition, we were able to show that dasatinib blocks activation/phosphorylation of Lyn and Btk in HMC-1.1 cells and HMC-1.2 cells (Figure 4B-C) . Finally, we were able to show that dasatinib, but not midostaurin, inhibits the expression of p-Lyn and p-Btk in primary neoplastic MCs in patients with ASM or MCL ( Figure 4D-E) . These data suggest that Btk and Lyn are primary targets of dasatinib in neoplastic MCs. Other dasatinib binders in neoplastic MCs identified in this study were Fyn and Fgr ( Table 7) . As assessed by immunoprecipitation and Western blotting, Fyn and Fgr were found to be expressed in 2 cells were kept in control medium or in the presence of 1M midostaurin for 4 hours. Thereafter, Western blot (WB) analysis was performed using Abs directed against p-Lyn Tyr507 , p-Src Tyr416 , Lyn, p-Btk Tyr223 , Btk, and KIT. Moreover, the phosphorylation of KIT was analyzed by immunoprecipitation using an anti-KIT Ab followed by immunoblotting using an anti-phosphotyrosine Ab. The ␤-actin control is also shown. To confirm the specificity of this WB result, we also performed immunoprecipitation experiments using anti-Lyn Ab followed by immunoblotting with anti-pSrc Tyr416 and antipLyn Tyr507 as well as anti-phospho-Ab 4G10. Again, midostaurin failed to suppress expression of p-Lyn (not shown). (B) Ba/F3 cells with doxycycline-inducible expression of wt KIT (Ton.Kit.wt) or KIT D816V (Ton.Kit.D816V) were kept in control medium or in the presence of doxycycline (doxy, 1 g/mL) for 24 hours. In case of Ton.Kit.wt, SCF (100 ng/mL) was added to induce KIT phosporylation for 15 minutes. Thereafter, cells were harvested and subjected to Western blot analysis using an anti-phosphotyrosine Ab for detection of activated KIT and Abs directed against p-Lyn Tyr507 , p-Src Tyr416 , Lyn, p-Btk Tyr223 , Btk, and phosphorylated STAT5 (p-STAT5) as well as total STAT5. Ba/F3 cells stably expressing BCR/ ABL T315I (Ba/F3p210 T315I ) served as a positive control. The dual bands observed with Abs against Lyn and STAT5 in Ton.Kit.D816V cells may be explained by alternative splicing.
phosphorylated form in HMC-1 cells, and dasatinib (but not midostaurin) was found to counteract phosphorylation of Fyn and Fgr in these cells (supplemental Figure 3) .
Low concentrations of dasatinib block phosphorylation of Lyn and Btk, but not phosphorylation of KIT in neoplastic MCs: possible implications for synergistic effects seen with dasatinib and midostaurin
We have recently shown that midostaurin and dasatinib synergize in producing growth-inhibitory effects on KIT D816V ϩ neoplastic MCs. 24 To explore whether this synergism is mediated by the specific effects of dasatinib on p-Btk and p-Lyn, we examined the phosphorylation status of various downstream signaling molecules including Hck and STAT5, both of which play a role in leukemogenesis, [36] [37] [38] after drug exposure. We found that dasatinib at suboptimal concentrations (that work in synergism experiments: up to 300nM) completely inhibits the phosphorylation of multiple kinases including Lyn, Btk, and Hck, as well as phosphorylation of STAT5 in HMC-1.2 cells, but did not completely block phosphorylation of KIT D816V , 200nM) or siRNA against Lyn, Btk, or Hck (100-200nM each) using lipofectin as described in "Design and application of siRNA." After 16 hours, cells were examined for Lyn, Btk, and Hck protein expression by Western blotting using Abs against Lyn, Btk, Hck, and ␤-actin (loading control; A). Cell viability and apoptosis in each condition were determined after 16 hours by light microscopy (B), combined annexin V/propidium iodide staining after 48 hours (C), or by TUNEL assay after 16 hours (D). Cell proliferation after 24 hours was determined by 3 H-thymidine uptake (E). (F-G) HMC-1.2 cells were transfected with control siRNA (Luc siRNA) or 100nM Lyn or Btk siRNA as indicated. Four hours after transfection, cells were washed and resuspended in IMDM containing 10% FCS. Then, cells were kept for 24 hours in control medium or in the presence of 100nM midostaurin. Proliferation was determined by 3 H-thymidine uptake (F), and the numbers of apoptotic cells by light microscopy (G). Results represent the mean Ϯ SD of 3 independent experiments. *P Ͻ .05.
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For personal use only. on April 6, 2017. by guest www.bloodjournal.org From ( Figure 5A ). Such low concentrations of dasatinib slightly increased the number of apoptotic HMC-1.2 cells, whereas a significant induction of apoptosis was obtained when dasatinib was combined with suboptimal concentrations of midostaurin ( Figure  5B ). To exclude a cross-reactivity of anti-p-Lyn and anti-p-Hck Abs, immunoprecipitation was performed. These experiments confirmed that both p-Lyn and p-Hck are expressed in a constitutive manner in HMC-1.1 cells and HMC-1.2 cells (not shown).
Synergistic effects of midostaurin (PKC412) and bosutinib, another Lyn/Btk inhibitor, on growth of neoplastic MCs
To demonstrate that drug-induced deactivation of Lyn and Btk is sufficient for cooperative drug effects obtained with midostaurin, we also applied bosutinib (SKI-606), a drug that (unlike dasatinib) deactivates Lyn and Btk but does not block KIT activation. 39, 40 In Western blot experiments, we were able to show that bosutinib (0.01-5M) down-regulates expression of p-Lyn and p-Btk in HMC-1 cells, but does not deactivate KIT D816V ( Figure 6A ). Moreover, we were able to show that bosutinib inhibits the proliferation of primary neoplastic BM MCs ( Figure 6B ) and HMC-1 cells ( Figure 6B) , with IC 50 values of 1-5M. In addition, bosutinib induced apoptosis in HMC-1 cells ( Figure 6C ). Finally, similar to dasatinib, bosutinib was found to synergize with midostaurin in inducing apoptosis in HMC-1 cells ( Figure 6D ). As expected, the combination of midostaurin and bosutinib was found to block the phosphorylation of KIT, Lyn, and Btk (Figure HMC-1 kinases purified on dasatinib matrix and identified in both duplicate experiments. Proteins are sorted by the number of their unique peptides identified. Sequence coverages ("SC" in %) are based on these unique peptides. IPI-IDs are the protein identifiers from the IPI protein database.
MW indicates molecular weight in kilodaltons defined by the particular IPI-database entry; AC, acquisition number; PC, peptide count; and -, not applicable. . Thereafter, cells were subjected to Western blot analysis using Abs directed against p-Lyn Tyr507 , p-Src Tyr416 , Lyn, p-Btk Tyr223 , Btk, and KIT. The ␤-actin loading control is also shown. To detect KIT activation, an immunoprecipitation was conducted using an anti-KIT Ab followed by immunoblotting using the anti-phosphotyrosine Ab 4G10. (C) HMC-1.2 cells were incubated in control medium (Co) or in medium containing dasatinib (1M) for 4 hours or 24 hours at 37°C. Then, cells were spun on cytospin slides and stained with Abs specific for Lyn, p-Lyn Tyr507 , p-Lyn Tyr396 , Btk, and p-Btk Tyr551 by indirect immunocytochemistry. Cells were analyzed using an Olympus AX-1 microscope equipped with 60ϫ/1.35 UPlan-Apo objective lens. Image acquisition was performed using an Olympus DP11 camera and Adobe Photoshop CS2 software Version 9.0 (Adobe Systems). Magnification, ϫ600. (D) Primary neoplastic mast cells from one patient with aggressive systemic mastocytosis (ASM) and one with mast cell leukemia, MCL (no. 31 and no. 36 in Table 1 ) were cultured in control medium or in the presence of midostaurin (1M) or dasatinib (1M) for 12 hours. Thereafter, cells were subjected to Western blot analysis using Abs against p-Lyn Tyr507 , p-Src Tyr416 , Lyn, p-Btk Tyr223 , Btk, and ␤-actin. (E) Immunocytochemistry performed with primary mast cells (ASM patient 30) exposed to control medium or medium containing dasatinib (1M) for 12 hours. Abs used and the microscopy technique applied were the same as that described for panel C. Magnification, ϫ600.
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For personal use only. on April 6, 2017. by guest www.bloodjournal.org From 6E). These data suggest that Lyn and Btk represent drug targets that may be responsible for the synergistic effects of the TKI combinations "bosutinib ϩ midostaurin" and "dasatinib ϩ midostaurin."
Neoplastic MCs express wt Lyn and wt Btk: failure to detect a molecular defect in neoplastic mast cells that could explain Btk/Lyn activation We next attempted to define the molecular mechanism leading to activation of Lyn and Btk in neoplastic MCs. In a first step, we excluded that Lyn and Btk are activated in HMC-1 cells by a serum-derived factor present in FCS. As visible in Figure 7 , Lyn and Btk were found to be phosphorylated independent of the FCS concentration applied. Next, we screened for activating mutations. However, we were unable to detect a point mutation, single nucleotide polymorphism (SNP), or other gene defect in Lyn and Btk in HMC-1 cells. These data suggest that the primary defect may be located upstream of Lyn and/or Btk. Because the IgE receptor (R) reportedly triggers Lyn/Btk activation and growth in murine MCs, 41, 42 we examined HMC-1 cells for the presence of activating SNPs in the IgER ␤-and ␥-chains. However, by sequence analysis, we were unable to detect mutated forms of IgERß or IgER␥. We next asked whether JAK2 may play a role in Btk/Lyn activation. However, the shRNAinduced knockdown of JAK2 did not lead to a decrease in expression of p-Lyn or p-Btk in HMC-1.2 cells (supplemental Figure 4) . Finally, we asked whether HMC-1 cells would display leukemia-related molecular defects that would explain KITindependent signaling and Lyn/Btk activation. However, no activating mutations in ABL, JAK2, RUNX1, PDGFR, and FGFR were found.
Discussion
Recent data suggest that KIT D816V exhibits only weak transforming potential in MC progenitors. In particular, KIT D816V alone is unable to induce proliferation in Ba/F3 cells, 25 and transgenic mice usually develop slowly expanding nonaggressive MC accumulations, but rarely develop an aggressive MC disease. 26 Correspondingly, the KIT D816V mutant is expressed not only in aggressive SM but also in the more frequent, indolent form of SM. 1, 4, 6, 7 Rarely, ISM may progress and then the prognosis is grave. [1] [2] [3] [4] [6] [7] [8] [9] So far however, little is known about factors underlying disease progression. We here show that Btk and Lyn are activated in a KIT-independent manner and contribute to malignant growth in neoplastic MCs. Both molecules are recognized by the multikinase inhibitors dasatinib and bosutinib. These 2 TKI apparently counteract neoplastic MC growth and synergize with midostaurin in producing growth inhibition. Collectively, these data suggest that p-Lyn and p-Btk are novel KIT-independent signaling molecules in neoplastic MCs that may contribute to disease progression and may serve as drug targets in advanced SM.
Expression of Lyn and Btk in neoplastic MCs was demonstrable by Western blotting as well as by immunostaining. An interesting observation was that p-Lyn and p-Btk are not only expressed in KIT D816V ϩ HMC-1.2 cells but also in KIT D816V-negative HMC-1.1 cells. These data suggest that Lyn and Btk activation in neoplastic MCs occurs independent of KIT D816V or may be triggered by other KIT variants. Notably, HMC-1.1 cells also display KIT G560V, another "transforming" KIT variant. However, the multikinase blocker midostaurin that deactivates wt KIT, KIT D816V, and KIT G560V, did not suppress expression of p-Lyn or p-Btk in HMC-1.1 or HMC-1.2 cells. Moreover, KIT D816V did not cause activation of Lyn or Btk in Ba/F3 cells, which was an unexpected result when considering previous data. [43] [44] [45] However, in previous studies, Mo7e cells and murine BM MCs were used. [43] [44] [45] We next were interested to learn whether Lyn and Btk contribute to abnormal growth and survival of neoplastic MCs. To address this issue, we applied siRNAs directed against Lyn or Btk on neoplastic MCs (HMC-1) . The siRNA-induced knockdown of Lyn and Btk was followed by growth inhibition in HMC-1.2 cells suggesting that Lyn and Btk are indeed survivalrelated molecules and may serve as potential targets in neoplastic MC. To examine the mechanism underlying KIT-independent activation of Lyn and Btk, we screened for activating upstreamand downstream signaling molecules in neoplastic MCs. In these experiments, we found that neoplastic MCs display not only p-Lyn and p-Btk, but also p-Hck and p-STAT5, both of which are considered important signaling molecules. As expected, only p-STAT5 was dephosphorylated by midostaurin (PKC412) in HMC-1 cells, whereas expression of p-Hck, which is not an established KIT-downstream molecule, remained almost unchanged. Based on these data it is tempting to speculate that also p-Hck may play a role in KIT-independent growth and survival of neoplastic MC, an assumption that was confirmed by our siRNA studies. Notably, a Hck-specific siRNA was found to counteract growth of HMC-1 cells in the same way as siRNAs against Lyn or Btk.
In a next step, we asked whether Lyn and/or Btk displayactivating mutations. However, no point mutations in Btk or Lyn were detected. We also screened for activating mutations in cytokine receptors and in the receptor for IgE. However, no mutations in the IgER ␤-or ␥-chains or in other candidate genes (JAK2, PDGFR, FLT3) could be identified. We also excluded that an activating factor/cytokine was present in medium/FCS. Finally, we excluded that Lyn and Btk activation is a general phenomenon common to all leukemias. In particular, when screening various leukemias and cell lines, we found that only neoplastic MCs and HMC-1 cells display p-Btk and p-Lyn by Western blotting, whereas the other cell lines expressed p-Lyn without expressing substantial amounts of p-Btk.
Recent data suggest that dasatinib directly binds to Lyn and Btk in neoplastic cells in CML, and that the drug deactivates both signaling molecules. 34, 35, 46 In the present study, we were able to show that dasatinib binds to and blocks Lyn and Btk in neoplastic MCs. In particular, chemical proteomic profiling and MS identified Lyn and Btk as major binders of dasatinib in HMC-1 cells. In addition, in contrast to midostaurin, dasatinib was found to block p-Btk, p-Lyn, and p-Hck in HMC-1.2 cells. These data are of interest as dasatinib has been described to inhibit growth of neoplastic MCs in vitro 21, 24 and is used in clinical trials. 47 We have recently shown that dasatinib synergizes with midostaurin in producing growth inhibition in neoplastic MCs bearing KIT D816V. 24 We were therefore interested to know whether the intriguing effects of dasatinib on Lyn and Btk activation may explain synergistic drug-combination effects. To address this question, we compared target responses to suboptimal concentrations of dasatinib in HMC-1 cells. We found that suboptimal concentrations of dasatinib (effective in synergism experiments) block Btk and Lyn phosphorylation, but do not block expression of p-KIT. These data suggest that the effect of dasatinib on Btk and Lyn activation may contribute to synergistic effects when combining with suboptimal concentrations of midostaurin, known to block p-KIT, but neither p-Btk nor p-Lyn. To further demonstrate that p-Lyn and p-Btk are targets responsible for mediating synergistic effects, we applied a second p-Lyn/p-Btk inhibitor that does not block KIT activation, namely bosutinib. 39, 40 This drug was found to block p-Lyn and p-Btk expression without suppressing p-KIT in neoplastic MCs. Furthermore, we found that similar to dasatinib, bosutinib synergizes with midostaurin in producing apoptosis in neoplastic MCs. Because bosutinib does not block KIT activation, these data strongly suggest that p-Lyn and p-Btk are important drug targets that can mediate cooperative effects of various kinase inhibitors on growth and survival of neoplastic MCs.
The observation that Lyn and Btk are important KITindependent signaling molecules and targets in neoplastic MCs in advanced SM, may have clinical implications. First, the demonstration of p-Lyn and p-Btk in neoplastic cells may predict responses to dasatinib or to certain drug combinations. Moreover, our observations may explain the basis of synergistic effects of KIT inhibitors, and thus support preclinical and clinical concepts in this regard. In fact, based on our data, it seems reasonable to consider clinical trials using combinations of midostaurin/PKC412 with another drug that can suppress Lyn/Btk activation in neoplastic MCs in ASM and MCL. However, such combinations may also cause unforeseeable side effects, which has to be taken into account when planning such trials. In addition, such studies have to take the different pharmacologic behavior and half-life of the TKI partners into account.
Several previous data have shown that Lyn and Btk are involved in IgE receptor-dependent activation. 48, 49 Therefore, it is tempting to speculate that IgE-dependent mediator release and anaphylaxis in SM, a clinically relevant problem, 1-5 may be triggered by activated signaling molecules like Lyn or Btk. Indeed, severe mediator-related problems often occur in SM. [1] [2] [3] [4] [5] It is also noteworthy in this regard that dasatinib has been described to block IgE-dependent histamine release from basophils at high concentrations but even augments histamine release at low drug concentrations. 46 This is of particular interest as Lyn activation may have positive and negative effects on IgER-dependent mediator release in MCs. 50 Together, our data show that Btk and Lyn are activated in a KIT-independent manner in neoplastic MCs in advanced SM, and that these molecules are novel potential targets of therapy. Moreover, our data show that dasatinib and bosutinib bind to and deactivate Lyn and Btk in neoplastic MCs. The unique target spectrum of dasatinib and bosutinib may explain synergistic growth-inhibitory effects of these drugs when combined with midostaurin (PKC412), and may thus provide a basis for the development of new combination strategies in advanced SM. Table 1 ; all KIT D816V ϩ ) were incubated in control medium or bosutinib (0.1-10M) for 48 hours. After incubation, proliferation was determined by 3 For personal use only. on April 6, 2017. by guest www.bloodjournal.org From from the Center of Molecular Medicine (CeMM) of AustrianAcademy of Sciences; and a research grant of The Mastocytosis Society (TMS).
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